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I. INTRODUCTION
Electrical Cell-Substrate Impedance Sensing (ECIS) is a powerful impedance-based technique originally introduced by Giaever and Keese in 1984 for real-time, in-vitro quantification of biological cellular behaviours [1] . In the earliest development of the biosensor, conventional circular gold electrodes were used to characterize cell adhesion, proliferation, migration, invasion and barrier functions [2] [3] [4] [5] [6] . In time, Interdigitated Electrodes (IDEs) have become more prominent as an alternative to circular design due to much steady signal and higher SNR ratio as seen in various biomedical applications [7] [8] [9] .
Design of electrodes plays an important role in the accuracy and sensitivity of biosensors. IDEs are widely used for cell-based biosensors, which have a variety of applications ranging from clinical diagnosis, drug discovery and electrophysiology [10] . Morphological changes of the cells can be measured using impedimetric and conductometric techniques which can be influenced by the geometry of the electrodes [11, 12] .
The advantages of using IDEs design as compared to conventional electrode design have been discussed in many articles [10, 11, 13] . Among the most prominent advantage is that electrical field distribution in IDEs are much more uniform and well-defined compared to circular electrodes. This is important to gain stable and precise data during measurements [11] . IDEs also generate large current densities at the output with low input current which is important to ensure non-destructive cellular measurement [10] . IDEs also produce steady-state signals, have low ohmic drop and high signal to-noise ratio (SNR) compared to conventional electrodes. [13, 14] .
Optimization of the IDEs or sensor geometry is very crucial as it can increase bioimpedance measurement range to obtain the highest accuracy of cellular electrical representation. Various method of optimizing IDEs for bioimpedance spectroscopy have been researched previously. Ibrahim [15] studied the correlation between design parameters and frequency behaviour of IDEs by analytical modelling and simulation to optimize configuration for a square area cross section. Zhang [16] studied the influence of electrode dimensions on the sensitivity of ECIS using mathematical models. Optimization of geometrical parameters for biological medium characterization by reducing polarization effect was discussed by Ngo [17] using simulation and experimental approach. Some studies are more application specific such as optimization of IDEs for HS578T cancer cells [12] . However, there is not much research focused on the distribution of electric field on different sensor geometries. The sensor's geometries can be optimized for cellular studies to obtain more sensitive and accurate measurements. This paper presents the equivalent circuit model of IDEs which are optimized for adherent mammalian cell characterizations. The design of the IDEs are optimized to maximize sensitivity towards changes in the mammalian cells using ECIS technique. The ECIS technique allows accurate representation of biological response of the cells into electrical equivalent. Using this method, the IDEs geometry will be optimized such that both the cut-off frequency of the interfacial impedance and the solution resistance are minimized. This allows the highest electric field to be generated by the IDEs. Section II discusses the analytical modelling of the equivalent circuit model. Section III, IV and V discusses the optimization of IDEs from three different aspects; cut-off frequency, solution resistance and electric field, respectively. Section VI presents the results and conclusion.
II. ANALYTICAL MODELLING OF IDES
The first step of optimization is to model the simplified equivalent circuit of the IDEs structure. Equivalent circuit model of IDEs may be different depending on its surrounding environment and applications but are usually used for the same purpose of determining total impedance. In this paper, the equivalent circuit model is adapted from Ibrahim et al. [15] and Ngo et al. [17] which is the simplified equivalent circuit of an IDEs immersed in a liquid environment as shown in Fig. 1 . The equivalent circuit is made up of three major components; double layer capacitance, CDL, solution capacitance, CSOL and solution resistance, RSOL. Double layer capacitance, CDL is formed at the interface between electrode and the electrolyte medium. According to the Stern model, CDL consisted of Hemholtz layer, a compact layer of immobile ions strongly attracted to the electrode surface and Gouy-Chapman layer which is a diffusive layer of mobile ions near the electrode surface [18] . Together in series, they build up the total electrical double layer capacitance with approximate value of 10-20 (μF/cm 2 ) capacitance per unit area [19] . Solution capacitance, CSOL is the capacitance that exists due to the direct capacitive coupling between two electrodes and its permittivity is the permittivity of the medium itself [15] . Solution resistance, RSOL is the resistance of the electrolyte used in the medium. The IDE's geometry can also influence the properties of CDL, CSOL and RSOL. Olthuis [20] introduced a new parameter called cell constant, KCELL to mathematically describe the effect of the IDE geometry on each component of the equivalent circuit model. KCELL, which only exists in electrode-electrolyte interface, is the proportionality factor between resistivity/permittivity of the electrolyte to the actual measurement. It depends entirely on the geometry of the sensor, in which the equation is shown in (1)- (3) (1)
Based on (1), KCELL was shown to be dependent on length of the electrode (L), spacing between the electrode (S), width of the electrode (W), and total number of electrodes (N) as also shown in Fig. 1 . Function of K(k) is the incomplete elliptical integral of the first kind which details of derivation were discussed in [20] . By introducing the parameter KCELL, CSOL and RSOL equations thus can be defined as in (4) and (5) (4) (5) Where İ0 is the permittivity of free space, İsol is the permittivity of the electrolyte medium and ısol is the conductivity of the electrolyte medium. Therefore, optimization of the electrode geometry in term of KCELL must be performed to have the optimum measurement with minimal effect from certain components.
III. OPTIMIZATION OF CUT-OFF FREQUENCY, FLOW
The impedance vs frequency plot for the IDE equivalent circuit is shown in Fig. 2 . The frequency spectrum can be divided into three regions, in which different elements of the equivalent circuit dominates. There are two cut-off frequencies that separates the dominance of the components, namely FLOW and FHI. At frequencies above FHI, the total impedance is dominated by CSOL, where the higher frequency current (in the range of MHz) will pass through the CSOL branch instead of the CDL and RSOL branch [15] . At frequencies between FLOW and FHI, the ZSOL will be very high and CSOL acts almost as an open circuit allowing current to flow through CDL and RSOL branch. At lower frequencies below FLOW, around a few kHz CDL dominates. RSOL dominates at FLOW frequencies between 0 up to hundreds of KHz [15] . Fig. 2 . Dominating components of the IDE equivalent circuit in impedancefrequency spectrum. Diagram was adopted from [15] Electrical properties of biological cell are usually dispersive depending on the type of the cell. Their typical dielectric-frequency behaviour can be characterized into three dispersions; known as Į-dispersions, ȕ-dispersions and Ȗ-dispersions [21] . Į-dispersions exists below KHz range, mostly believed to be associated with counterion polarization or double layer which makes it difficult to accurately characterize cellular behaviour [21, 22] . ȕ-dispersions exists in the range of tens of KHz to tens of MHz. This range is suitable for biological cellular studies related to membrane which usually block ion/current movement, forcing it to flow through intercellular spaces/gap between membranes [22] . Ȗ-dispersions works in the microwave frequency and can be used to study reorientation of water molecules for various applications.
Optimization of cut-off frequency is crucial to obtain the best frequency for measurement. In a square structure of IDEs with L x L dimension, the equation to determine FLOW and FHI was derived in [15] and is shown in (6) and (7) below.
(6) (7)
It is significant to introduce a new factor, a as the ratio of spacing between the electrode (S) to width of the electrode (W), a = S/W. For square structure of IDEs, substitution of a into the FLOW equation can thus be finalized as (8) (8) Simulation using MATLAB will be performed to study the effect of varying a and N towards the cut-off frequency, FLOW. FHI will not be covered in this paper since our aim is to study the structure of biological cells which are usually measured in frequencies lower than MHz.
IV. OPTIMIZATION OF RSOL VALUE
The second aspect of IDEs optimization as discussed by Ibrahim [15] is to reduce the effect of RSOL in order to have higher accuracy of measurement from biological impedance. As discussed previously, the best range is when the total impedance dominated by RSOL. As shown in (5), to minimize RSOL, KCELL should be minimized. This can be done by optimizing the IDEs geometry. RSOL can be re-written in terms of IDE geometry as shown in (9)- (11) (9) (10) (11) Simulation using MATLAB will also be performed to study the effect of varying a and N towards optimizing the value of RSOL.
V. OPTIMIZATION OF ELECTRIC FIELD
Another aspect of optimization for IDEs is the optimization to have higher electric field generation by the sensors. The presence of higher electric field magnitude confined on the electrodes would result in higher current density which eventually will increase the sensitivity of biological cellular measurement [9] . Assuming uniform cellular adhesion and distribution on the electrode surface, higher electric field will yield higher current per unit area in the cell chamber. For this part, COMSOL simulation was performed to study the average electric field generated by the IDEs configuration with varying a and N.
The IDEs structure was designed in COMSOL as shown in Fig. 3 below. Electric currents physics under AC/DC module was used to simulate the 3D model. Inductive effect was considered negligible in the system. There are four main layers designed in the 3D model. The first layer is the substrate layer which in this simulation was set as FR4, the substrate used in the printed circuit board (PCB) technology. The second layer is the gold IDEs array layer with thickness of 1μm. The length of electrode, L was set to 7000μm and N was varied from 6-28. For both FR4 and gold, the material properties are predefined in the library of the software and can be directly assigned to the model. The third layer is the double layer which exists between the electrodes and the cell culture medium. The double layer is purely capacitive, and the conductivity was set the same as the cell culture medium at 1.38 S/m but with permittivity of 45. The permittivity is based on the estimation of permittivity of double layer in water as cell culture media are mostly water-based. The thickness of double layer is around 5nm, which will cause error in meshing in the simulation due to small dimension as compared to other layers, therefore the double layer was scaled up to 10μm thickness and permittivity value of 90000 to maintain the capacity of the double layer as suggested in [15] . The simulation was finally tested with cell culture medium as the electrolyte solution with conductivity of 1.38 S/m and permittivity of 80 [23] as the final layer on the model. 1 V of voltage was applied on one side of the electrode (working electrode).
VI. RESULTS AND DISCUSSION

A. Optimization of Cut-off Frequency
Simulation using MATLAB was done to monitor the effect of varying a and N on FLOW. The electrode length, L was fixed to 7000μm in a chamber with dimensions of 9mm x 11mm. Fig. 4 shows the plot of FLOW with varied a factor ranging from 0.1 to 2. As can be observed in the figure, the minimum FLOW occurred at the ratio of a = 0.54. This indicates that for the specified design of L equals to 7000μm, the optimal a to obtain the lowest FLOW is to set the S to be approximately 0.54 times lower than W or S=0.54W.
By selecting a as 0.54, the simulation was continued to study the effect of varying N on FLOW as shown in Fig. 5 . From the simulation, a linear curve can be seen in the plot indicating the directly proportional relation between N and FLOW. This is logical due to the fact that by lowering the number of electrode will also reduce the interference of double layer from total impedance. Therefore, based on observation solely from this plot, selecting smaller N would be beneficial to minimize the FLOW. As discussed in previous section, for biological cellular applications, the frequencies of ȕ-dispersion which is the desired working range usually occurs above 10kHz. From Fig. 5 , the total number of electrodes to reach 10kHz FLOW can be seen at approximately N = 16. 
B. Optimization of Solution Resistance
In order to increase the sensitivity of any biological measurement, obtaining lowest bulk impedance is an important aspect to be achieved. Since the best frequency range to work with in impedance-frequency spectrum is the range where the total impedance is dominated by RSOL. Reducing RSOL will further improve the accuracy of the biological measurement. MATLAB simulation was done to study the effect of a and N on RSOL component. Fig. 6 and Fig. 7 show the response of varying factors a and N on RSOL with fixed L of 7000μm. From observation, a and N have opposite response towards RSOL. RSOL decreases as a is approaches zero but increases as smaller number of N are used. The results suggested that a smaller ratio of S/W with higher total electrodes are the optimal condition to reduce RSOL. However, selecting the value of a and N are still limited to several constraints such as the capability of the fabrication process, limit of the working area and the relevance towards the intended application.
C. Optimization of Electric Field
Computation of electric field was done using COMSOL Multiphysics for a fixed value of a = 0.54 to study the effect of having different number of electrode on electric field magnitude. The result obtained from simulation was plotted as shown in Fig. 8 below. From the graph, it can be interpreted that the average electric field is directly proportional to N and as number of N is increased, more electric field is generated by the electrodes therefore increasing the nett and average electric field magnitude. However, the slope is higher in the range of N = 6 to N = 18 compared to between N =18 to N =28. This suggest that for N > 18, N has less significant impact on average electric field magnitude as the electric fields are approaching saturation. Therefore, for specified value of L = 7000μm with a = 0.54, N should be greater or equal to 18 to obtain high average electric field.
D. Optimization of IDEs
Based on optimization factors discussed previously, the best condition for each case is summarized as shown in Table I as given: From the table, direct conclusion of optimized IDEs design could not be drawn since conflicting requirements to satisfy condition to optimize N. Therefore, for this specific application, the most optimal design based on reasoning is to have a = 0.54 that results in lowest FLOW, and N = 18 to minimize the RSOL while generating uniform electric field. Referring to Fig. 5 , FLOW is expected to be in the range of 11kHz, which requires cellular measurement to be conducted in slightly higher frequencies than that, but the frequency is still within the range of ȕ-dispersion. As a conclusion, this paper has presented the theoretical optimization of IDEs for mammalian cell characterization, where the optimal configuration of IDEs for L = 7000μm was found to be a = 0.54 where W = 295μm and S = 159μm at N = 18. Future work involve IDEs fabrication and experimental tests to further prove and support the theoretical optimization as discussed in this paper.
